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ABSTRACT 
166 166The decay of Dy to Ho has been studied with 
high resolution solid state gamma ray and conversion elec­
tron spectrometers. A total of 9 transitions following
166the negaton decay of Dy were directly observed and two 
deduced through conversion electron-gamma ray coincidence 
measurements. Six excited states in * ^ H o  were character­
ized. Several new transitions and a 0 ■*0 E0 decay 
established two new levels. The l/2+ [411]p - 1/2 [521]n 0
configuration was located at 139 keV. A level at 464 keV 
poses a serious problem to our present picture of odd-odd 
nuclei in that it is not possible to simultaneously reconcile 
the associated log ft and the possible Nilsson configura­
tions.
A detailed gamma-gamma coincidence measurement follow- 
172ing the decay of Lu has also been performed. A level 
172scheme of Yb consisting of 106 transitions and 29 levels 
has been coincidence verified and 5 new transitions 
established. A 5~ level at 1869.4 keV was established for 
the first time. The anomalous 229 keV transition 
(thought to be isomeric but never placed in the decay 
scheme) depopulates this level and was found not to be 
isomeric.
x
CHAPTER I 
INTRODUCTION
The group of deformed nuclei least understood are
those classified as odd-odd. The low lying excitations of
even-even nuclei are well understood in terms of rotational
1 2  3and vibrational excitations. ' ' The treatment of odd 
deformed nuclei as an even-even deformed core to which a 
single nucleon is coupled has also been successful.
This situation and also the odd-odd case is more favorable 
in that the states of primary interest lie low in energy 
and are easier to analyze than those above the so-called 
"energy gap" in even-even nuclei. A considerable amount of 
experimental data is available for both the even-even and 
odd nuclei. Since the amount of experimental data on odd- 
odd nuclei is considerably less, only the basic patterns 
are clear.
There are seveal reasons underlying the difficulties 
in studying odd-odd nuclei. First the pairing energy causes 
the even-even isobars near the bottom of the mass valley to 
have a lower total energy. Consequently, odd-odd nuclei 
above oxygen are unstable. Secondly, in regard to studies 
by radioactive decay, the even-even isobar further away 
from the stability line (the parent) will yield a low Q 
because of the pairing energy and thus only low-lying 
states can be populated. Also, since the even-even ground
2•j*
state is 0 , only low spin states in the odd-odd daughter 
can be directly populated. These reasons favor reaction 
spectroscopy as a means of accumulating large amounts of 
data, but radioactive decay is used to complement these 
studies. Reactions are biased in favor of certain types 
of levels whereas radioactive decay results in determining 
decay systematics involving level configurations. Also 
transition probability ratios and lifetime of certain 
levels are best determined from decay spectroscopy.
The primary effort in this work has been the study 
of the decay of ^®^Dy to ^^Ho. The odd-odd ^ ® H o  nucleus 
provides a means of evaluating the residual interaction 
between the odd proton and the odd neutron. The even 
members of the K=0 ground state band are displaced down­
ward relative to the odd members because of this inter­
action. Furthermore, according to the Gallagher Moszkowski^ 
coupling scheme, the states in which the neutron and proton 
align their spins should lie at a lower energy than the 
states where their spins are anti-aligned. The odd-odd 
■^^Ho nucleus violates this rule in that the ground state 
arises from an anti-aligned configuration. The investiga­
tion involved the development of high resolution gamma and 
conversion electron spectrometer systems which could be 
used in the coincidence mode since it was determined that 
only through detailed gamma-electron correlations could 
one expect to further develop the odd-odd ^ ^ H o  low energy
3level structure, and ultimately extract information on the
neutron proton interaction.
A secondary (though no less laborious) aspect of this
work involved precision gamma-gamma coincidence measurements
172 172on the decay of Lu to Yb. The objective of the study
172was to verify and/or correct the Lu decay scheme proposed
7
by Sen and Zganjar using only ungated gamma-ray spectro-
172scopic measurements. The even-even Yb nucleus exhibited 
a highly complex set of rotational bands which required more 
concrete evidence of their existence. In addition, Krane
g
et al. had reported that the 229 keV transition was iso-
7
meric in contradiction to the earlier data.
The theoretical considerations necessary to understand
the results are outlined in Chapter II. Although sufficient
detail is provided for the discussion, an extensive
development of theoretical Models was not undertaken as they
have been widely discussed in the literature.
Chapter III presents the basic experimental equipment,
its arrangement and its functions. The use of Ge(Li) and
Si(Li) detectors are discussed since all previously reported
work on the decay of ^ ^ D y  to ^ ^ H o  had not utilized large
volume, high resolution detectors.
The odd-odd 166Ho nucleus is discussed in Chapter IV 
172and the even-even Yb in Chapter V. Finally, a 
discussion of the significance of the results of Chapters 
V and VI is presented in Chapter VI.
CHAPTER II 
THEORETICAL CONSIDERATIONS
2.1 Introduction
The primary goal of nuclear experiments is to provide 
additional insight into nuclear structure. The available 
information is searched for correlations which can be 
reproduced by means of a model. This model is often 
tested by conducting new experiments and comparing the 
results with predictions from the model. So far no 
single model has been able to adequately explain all of 
the observed nuclear phenomena. A review will be made 
of the better known models and what they do and do not 
explain. The "Unified" model will then be discussed in 
sufficient detail to provide a theoretical basis for the 
discussion of our experimental results.
2.2 Shell Model
Experimental data indicate that the nucleus, composed 
of neutrons and protons, exhibit features similar to that 
discovered for atomic structure. The nuclei with a 
number of protons or neutrons or both which equaled 2 ,
8 , 20, 28, 50, 82, and 126 tend to be particularly 
tightly bound i.e. have high separation energies. Nuclei 
with a magic number of neutrons have a larger number of
4
5stable isotones than the others and those with a magic 
number of protons have at least the same number of iso­
topes as their neighbors. It appears from the data that 
the nucleons move in orbits about a fictitious center 
under the influence of an average potential. The harmonic 
oscillator potential can be used to illustrate the prop­
erties of the shell model and is chosen here as a starting 
point. The form of this potential is given by
The spherically symmetric oscillator wave functions can 
be written
V = 1/2 M oi2r2 (1)
NH jm (2)
where
N = oscillator wave function
j = total angular momentum
z = orbital angular momentum 
m = projection of £ on a specified axis
Each state characterized by j has (2j+l)-fold degeneracy. 
These substates in accordance with Pauli's exclusion 
principle can contain at most two nucleons of each type.
6This single particle model does not reproduce the
magic numbers after that at 20. in an effort to re-
9 10 ii 19produce all the magic numbers, Mayer ' and Haxel et al.
postulated that each nucleon is also subject to a spin-
orbit potential of the form
V £s = ~V(r) (3)
The addition of this term removes the degeneracy of the 
substates which have the same £. The two possible 
values for j are namely j = I + 1/2. Taking V(r) positive 
in Eq. (3) implies that the j = £ + 3/2 level must lie 
lower in energy than the j = £ - 1/2 level. The magnitude 
of the splitting also increases as £ increases. The 
effect of this term on the energy levels is shown in 
Figure 1.
The ground state configuration of a nucleus is then 
determined by filling the neutron and proton shells in 
sequence until all of the nucleons are accommodated.
The uppermost level that can be filled is called the Fermi 
level. Because of the Pauli exclusion principle each 
level can be filled by two neutrons or two protons whose 
spins are antiparallel. Each pair of nucleons couple 
their j values to give a total of zero so that the 
angular momentum is determined by the last unpaired 
nucleon. This means that for even-even nuclei,
7N IT tnfl
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Fig.l. Single particle states resulting from assunption 
of spherically symmetric harmonic oscillator potential, 
(a) without and (b) with inclusion of spin-orbit cou­
pling term.
8J = £ j. = 0  which is observed experimentally. For odd- 
i
even nuclei, the value of J is determined by the level 
occupied by the odd nucleon. In the case of odd-odd 
nuclei the model does not predict J well since it is not
known how the j's of the two odd nucleons couple.
13Nordheim proposed a set of rules for predicting 
the angular momentum of odd-odd nuclei. The possible 
value of the total angular momentum J is given by
I 3l"32 I i i h + i 2
Nordheim's rules indicate the tendency for the spins 
of the proton and neutron to line up parallel. The two 
rules for the ground state are:
J = lJ-.-J.pl for j. = Z + 1/2 and ~= Z + 1/2
L * 1  ^ (Strong rule)
and
| J i“J 2 I 1  J 1  J 1*J 2 for ^1 = ^ —  1/ 2^ and
j2 = Z + 1/2
(Weak rule)
The symbols j and Z with subscript 1 and 2 repre­
sent the total and orbital angular momentum of the single particle 
obtained using the shell model from adjacent odd A nuclei.
9These properties of the shell model serve to explain 
many of the observed properties of nuclei. In addition 
to the angular momentum of the ground state of nuclei, 
the shell model also accounts quite reasonably for nuclear 
isomerism and magnetic moments of light nuclei. One of 
the nuclear properties it failed to predict accurately 
is the quadrupole moment. The quadrupole moment must 
arise from effects other than single particle motion and 
this will be discussed next.
2.3 Unified Model
A larger than predicted quadrupole moment was found
in those nuclei which were far removed from closed shells. 
14Rainwater noted that if nuclei were assumed to have a 
permanent deformation (spheroidal shapes) the many 
protons in the nucleus can give large values of the
electric quadrupole moments.
1 2 Bohr and Bohr and Mottelson first recognized the
nature of the collective interaction among the nucleons
which led to an explanation of nuclear energy-level
spectra in terms of rotational and vibrational motions of
the nucleus. Nilsson^ and Mottelson and Nilsson'*
unified the two approaches (single particle and
collective) into what is commonly called the Unified
Model.
10
The Unified Model differs from the shell model in 
that the average potential is non-spherical. It is 
assumed that the potential is symmetric and that the 
individual motion of the nucleons is not affected by 
slowly varying changes in the potential shape or orienta­
tion. The potential can be expanded to include higher 
order terms and has the form
The X=0 term gives rise to the spherically symmetric 
potential and A=1 term only shifts the center of mass.
The quadrupole term (X=2) results in an axially symmetric 
potential which Nilsson added to calculate the single 
particle states. In the Shell Model the single particle 
states are 2j+l degenerate but in the Nilsson calcula­
tions the degeneracies are removed and j ceases to be a 
good quantum number.
The Nilsson Hamiltonian for this system is
H = H + C 1-S + Dt 2 (5)o
V = V (X 0 ) (r) + V*X 2 )(r. ,r.) P,(cos 9..)1 J Z lj (4)
where
H (6)
11
and x f y, and z are the coordinates of a particle in a 
coordinate system fixed in the nucleus. The T2 term is 
added to depress the high angular momentum states. Since 
Nilsson assumes axial symmetry
a)2 = u>2 = a)2 (1 + 2/3 6) (7)
and
= a)2 (1 - 4/3 6) (8 )z o
where
“x“y“z = So = (1 - 4/3 5 - 16/17 S3)1/2 uj3 (9)
and 6 represents the deformation. By absorbing factors 
2 1/2of (M to /# ) ' in x, y, and z we can write
H = H + H 6 (10)o o
where
Hq = 1/2 # a>o [-V2 + r2] (11)
and
12
The deformed wave functions can be expanded in terms
of the spherical wave functions £,jm* In t*le case of
very large deformations where H 6 >> cT*£t and D t 2 the
deformed wave functions can be characterized by the
asymptotic quantum numbers [Nn A] wherez
N = total oscillator quantum number
n = oscillator quanta along the symmetry Z axis z
A = projection of I along the Z axis
0 = projection of j along the Z axis
and it is the parity of the state. The projection of the 
particle spin along the Z axis is denoted by E, so that 
ft = A+E.
The Nilsson diagrams for our region of interest are 
shown in Figures 2 and 3. The energy in oscillator units 
is plotted against the deformation 6 where
6 = 0.95 6 (13)
and 3 is the deformation parameter used by Bohr and
2 172Mottelson. The deformation, 6 , is about 0.29 for Lu
, 166_. and Dy.
t
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Fig.3. Single neutron levels for 82<N<126,
15
In a fashion similar to the shell model, each 
Nilsson state can accommodate two particles with pro­
jections along the symmetry axis. The neutron and 
proton states fill independently of each other and the 
particles tend to pair up. For the ground state con­
figurations K = Efip + where p and n denote the groups 
of protons and neutrons. If the number of particles in a
group is even, then K = 2 ft. = 0 ,  if odd then E  n. = ft ' . i i px 1 r
or of the last unpaired particle, and if both groups
are odd then K = | |. The possible particle or
quasi-particle excitations will be discussed individually
X 6 6as we discuss the odd-odd nucleus Ho in a later 
chapter.
The experimental evidence for rotational and 
vibrational states can be explained in terms of the 
dynamics of a deformable nuclear surface coupled to the 
motion of individual particles. The deformed nuclear 
surface is represented by
R ( 0 ' , f ) = R [1 + I a Y*(e',Y')] (14)
° A y * P P
Measured in spherical polar coordinates fixed in space,
Rq is the radius for no deformation maintaining constant 
density and the are the spherical harmonics.
The total nuclear Hamiltonian is
16
(15)
where Hs is the single particle Hamiltonian, H is
P
associated with the motions of the surface and H. .xnt
represents interaction terms, such as that between rota­
tion and vibration or between the particle motions and 
those of the surface. Since the preponderance of experi­
mental evidence suggest a quadrupole deformed shape 
(X=2), only that will be considered here.
It is convenient to use a coordinate system fixed in 
the nucleus and its axes (x, y, and z) coinciding with 
the principal axes of the ellipsoid (nucleus). In the 
rotation from one set of coordinates to another the 
spherical harmonics transform according to
Yj(e,<M = E y J(0',v>')P* (e, *,¥) (16)
P
The V X are transformation functions for spherical tensors 
PP
of rank X. Therefore for X = 2
(17)
and
(18)
Since the body fixed axes are principal axes, the products 
of inertia are zero which implies that
(19)
and
a2 ,2 a2,-2 (20)
Thus a2Q and a22, together with the Eulerian angles will 
completely describe the system. Bohr used the parameter 
3 and y (Figure 4) defined as
If N is a point on the nuclear surface then the de­
formation parameter $ represents the radius vector and 
shape parameter y the polar angle. The value y = 0 or 
y = -r yield respectively, a prolate or oblate ellipsoid 
with the symmetry axis.
The collective Hamiltonian can now be written as
a2Q = 3 cos y (21)
—  3 sin y 
/2
(22)
18
Fig. 4. A diagram illustrating the definitions of the 
parameters B and y.
19
where
1_ 1 9_
^2 sin 3y 3y X
(24)
H^+Hy is the vibrational kinetic energy, the term follow­
ing that is the rotational kinetic energy and the last 
term is the potential energy. is the component of the 
angular momentum along the k axis.
!k is the component of the moment of inertia along 
the axes of the ellipsoid and is given by
The rotational energy has the form of the kinetic energy 
of a top. The constants B and C can be determined from 
experiment.
2.4 Vibrational and Rotational States 
The vibrational energy can be expressed as
which corresponds to a one dimensional oscillator for 13- 
vibrations and a two dimensional oscillator for y-
7^ = 4B 3^ sin2 (y-k 2tt/3) (25)
Evib = * V ne + 1/2) + * S (nY + 1}
(26)
20
vibrations. 3-vibration solutions of the wave function 
involve terms of a ^ • a 2 -2 an(^  a 20 an(* conse<3uentlY 
these vibrations project zero angular momentum onto the 
symmetry axis (z-axis) and preserve axial symmetry. On 
the other hand, for y-vibrations, the wave-function is 
proportional to a 2 2  or a 2 -2 * T^e Y vibration
projects 2 units of angular momentum on the symmetry axis. 
The Hamiltonian of Eq. (24) shows a rotational term
of
3 LkT . = I J r -  (27)
rot k=l ^
which gives rise to rotational bands like that of a top.
2
Following Bohr and Mottelson, the nucleus behaves like a 
top whose rotation ic followed adiabatically by the 
individual motion of the nucleons. The total angular 
momentum J of the nucleus is
1 = $ + 3 (28)
where
5 = angular momentum associated with collective 
surface motion 
= angular momentum associated with single
particle motion
21
The representation of this motion is shown in Figure 5. 
The projection of I on Z (body fixed) and Z* (space 
fixed) axes is denoted by K and M, respectively. The 
particle angular momentum j is not a good quantum number 
but its projection ft on the Z axis is a constant of the 
motion. For an axially symmetric case then K = ft. For
the even-even case, all of the nucleons pair off in the
intrinsic ground state so that the total spin is zero and 
therefore I = R and K = ft = 0. The energy of a rota­
tional level of spin I is given (to zeroeth order) by
2
EI = E0 + J J  [I(I+D ~ K2] (29)
where Eq is the energy eigenvalue of the intrinsic state. 
The energy spacing is given by
AEj = A[I(1+1) - K(K+l)] (30)
where K is the angular momentum of the bandhead and A =
/2J. This expression is valid for I = K, K+l, K+2,... 
provided K^O. The coupling of rotational angular momenta 
and that of 3 or y-vibrations is shown in Figure 6 . 
Coriolis coupling occurs between rotational bands with 
AK = + 1. The higher order effects of coupling may be 
expressed in a more general form and then the rotational
22
Fig.5. A schematic illustration of the coupling scheme for 
angular momenta in axially-syrnmetric nuclei.
K * a + i /
(a) (b)
BETA VIBRATION GAMMA VIBRATION
w
U)
Fig.6. A schematic representation of the coupling of angular momenta in/3 and X bands.
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energy is modified to the form
Ej = Eq + A[I(1+1) - K(K+l)] + B[I(1+1) - K(K+l)]2
(31)
_ 3
where B/A < 10 . The values of the inertial parameters
A and B can be obtained by fitting the experimentally 
obtained level energies of the rotational band to Eq.
(31) .
The spacing of the rotational bands of even-even
nuclei can also be described by introducing a variable
15moment of inertia (VMI). In this model the level energy 
is given by
EZ (J) = 1/2 C(J-JQ) + 1/2 [I(I+1)/J] (32)
and the equilibrium condition
3E(J)/3J = 0 (33)
determines the moment of inertia J ^ for each state with 
spin I.
J Q is a parameter defined as the ground state moment
of inertia and C is the restoring force constant. This
model was proposed in part to explain the deviation in
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energy spacing from the 1 (1+1 ) rule which occurred at the 
higher levels of the rotational band of even-even nuclei. 
This model has been quite successful in predicting the
levels of ground state bands. The value of A in the
172 7
ground state band of Yb is 13.14 keV and the VMI
model predicts A = 13.09 keV.
2.5 Nuclear Deexcitation
A nucleus in an excited state may decay to an inter­
mediate or ground state via gamma-ray emission or internal 
conversion. If the initial state is designated |e^ 1^ ir^ > 
and the final state is |e^ 1^ tt^ > then a gamma ray is 
emitted and the following conservation rules apply:
E^ - E^ = E (conservation of energy) (34)
I. - If | <_ L <_ I. + If (conservation of 
x 1 angular momentum) (35)
IT .
—  = tt_ (conservation of parity) (36)TTf t
The transition probability per unit time can be written
T(L) = 8l,(fcfl> 2 [fel2L+1 IT l<£lTL.|i>|2 (37)
L [(2L+1)11] n ^
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where the (multipole moments) are just the quantum
mechanical operators corresponding to the expansion 
coefficients of the nuclear electromagnetic field ex­
pressed in an angular momentum representation. The 
Wigner-Eckart theorem can be used to define a reduced 
transition probability
where the first factor is the Clebsch-Gordan coefficient 
and the second factor is the reduced matrix element which 
is independent of M, and M^. If reduced transition 
probabilities from a state |l^ K^> to a state |1^ K^> 
and |l£ K^> are compared, the matrix elements depending 
on the intrinsic structure cancel. The expression for 
these ratios have been given by Bohr and Mottleson as
(38)
(39)
which is valid so long as
|Ki + Kf | > L > )K± - Kf| (40)
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The Clebsch-Gordon coefficient vanishes if |k ^-K^| >l and 
the transition is then said to be K-forbidden. The 
degree of K-forbiddeness, v, is defined by
and for each degree of forbiddeness, there is a corre*- 
sponding hinderance factor. Nevertheless, K-forbidden 
transitions do occur because of the mixing of states.
In the internal conversion process the energy of 
the transition is transferred directly to an orbital 
electron and is ejected with an energy
where is the binding energy of the orbital electron. 
The ejected electron is classified on the basis of the 
shell from which it is ejected. The ratio of the number 
of electrons (Ng) emitted per unit time to the number of
a given transition. The ratio is called the internal 
conversion-coefficient, a;
v = |K. - Kf | - L (41)
(42)
gamma rays (N^) emitted per unit time is a constant for
Nea N (43)
Y
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The theoretical internal-conversion coefficient for 
a transition of pure multipolarity depends only upon the 
electronic structure and the wave functions which are 
well known. These coefficients have been extensively 
calculated and tabulated. Comparison of the experimental 
values with the calculated values provides important 
information on the multipolarity of the transition. 
Determining the multipolarity of the transition is 
crucial in developing a nuclear level scheme.
2.6 Beta Decay
The probability per unit time that a nucleus will 
decay and emit an electron with energy in the interval dE 
around the value E is W(p,q) dE where
W(p,q) = PE q2 FQ (Z,E)Sn (44)
2ir
tzh
The quantity Sn called the shape factor for the n 
forbidden transition, determines the shape of the 
function W plotted against E.
The decay rate of a 8-decay is given by
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Wo
| W(p,q) dE 
1
W
 ^ 2
d E (W -E) F (Z.E) £.1 f °= p , S„(Z,E)dE (45)
2tt '
The energy dependence can be isolated by considering the 
so-called ft value. The half-life, t is
. £n 2 t =  :—
and the quantity f is
W o
Io
f ° 2f(Z,WQ ) = F^(Z,E) pE(W^-E) dE (46)
The ft is a measure of the inherent tendency of a
nuclide to 3-decay. Since ft-values vary over a wide
range it is customary to quote l°9 ^o an(^  to measure
17the half-life in seconds. Selection rules have been
developed for allowed and forbidden transitions in terms
of the quantum number K and the asymptotic quantum
numbers A, N, and n . For allowed transition, thez
selection rules (for the <1 > operator) are
AJ = 0, TT. ttjp = 1, AK = 0, AN = 0, An = 0  AA = 0
X I z
(47)
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and (for the <c> operator)
AJ = 0,1 , TTiuf = 1 , AK = 0,1 , AN = 0 ,
An = 0 , AA = 0 (48)z
The transition is said to be allowed unhindered when it obeys 
the above selection rules and to be allowed hindered when it 
breaks the N, ng and A rules. The log ft for allowed un­
hindered transitions are less than 5 and those for allowed 
hindered range from 6 to 8 . Unhindered first forbidden 
transitions have also been observed and the log ft values 
range from 5.5 to 7.5.
CHAPTER III 
EXPERIMENTAL PROCEDURES
3.1 Introduction
This chapter describes the equipment and the pro­
cedures utilized to gather the data as well as the
methods used to analyze the data. Basically four types
166of data was taken on the Dy experiment: gamma singles,
electron singles, gamma-gamma coincidences, and electron-
gamma coincidences. A detailed gamma-gamma coincidence
172experiment was performed on the Lu nucleus.
3.2 Equipment
A typical arrangement for a singles experiment is 
shown in Figure 7. It consists of a detector, a pre­
amplifier, an amplifier, an analog-to-digital converter 
(ADC), a memory storage unit and a display/output unit. 
The basic information provided by a singles spectrum, 
whether gamma or electron, is precise energy and 
intensity data on the transitions which are occurring 
within the nucleus. Our detector systems consisted of a 
lithium-drifted germanium (Ge(Li)) detector for gamma- 
ray spectroscopy and a lithium-drifted silicon (Si(Li)) 
detector for electron spectroscopy. Before discussing
the detector system a brief discussion on three processes
31
Detector Amplifier
Memory Storage
ADC
Fig.7. Block diagram of a single parameter nuclear detection system.
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by which a photon loses energy in the detector will be 
presented. These processes, depicted in Figure 8 are: 
the photoelectric effect, the Compton effect and pair- 
production.
The photoelectric effect occurs when an incoming 
photon transfers all of its energy to an atomic electron 
which is then ejected from the atom. Electron-hole pairs 
are created in the material and the vacancy left in the 
atomic shell results in the emission of X-rays or Auger 
electrons.
In the Compton effect, the incoming photon is 
scattered by the electron and loses a part of its energy 
to it. The energy of the scattered photon and electron 
are given by
e; l + e (l - c o s  e) (49)o
Ee - E y - 1 + E (1 - cos or (50)
where E 1 is the energy of the scattered photon, Eq is the
2
energy of the scattered electron, Eq = E^/mc and 8 is 
the angle between the direction of the incident photon 
and the scattered photon. A Compton electron spectrum 
then ranges from zero energy (0 = 0°) to a maximum energy 
(8 = 180°) somewhat less than the energy of the incident 
photon.
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Fig.8 . A schematic diagram of a Ge(Li) detector.
35
The third process is pair production in which a 
positron-electron pair is created if the photon has an 
energy of at least 1.02 MeV. The positron later comes 
to rest in the field of an electron and the pair anni­
hilate. Two photons equal in energy to the rest mass of 
the particles are created and the two photons then lose 
their energy in the detector via the photoelectric effect 
and Compton effects.
Ge(Li) and SI(Li) detectors are semi-conductor 
devices. The properties of a semi-conductor can best be 
understood by first discussing the band structure of 
crystals. The sharply defined electron states of atoms 
are broadened into bands when these atoms are the con­
stituents of a crystal. A crystal, is called a conductor 
when the bands overlap and is called an insulator when the 
bands do not overlap. A semi-conductor at absolute zero 
has completely filled bands with the highest filled band 
(valence band) being separated from the next highest band 
by a narrow energy gap. A small excitation energy is 
required to excite electrons from the valence band into 
the conduction band. If the gap is small enough, some 
electrons will jump into the conduction band due to 
thermal fluctuations. The application of an electric 
field would then cause a current to flow and the semi­
conductor would be said to have an observable conductivity. 
The conductivity increases with the temperature since the
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density of the electrons is proportional to the Boltzman
factor, exp(-E /2kT). 
v gap
Germanium and silicon have an energy gap of 0.67 eV 
and 1.14 eV respectively at 300°K. The electrical 
properties are still largely determined by impurities.
If the impurity has an outer electron in excess of those 
required for crystal binding, the excess electron is 
free to move. This type of impurity is called a donor 
impurity. If the impurity has one less electron than 
that required for crystal binding, then this type of 
impurity is said to be an acceptor impurity. A semi­
conductor material doped with a donor (acceptor) impurity 
is said to be an n-type (p-type material.
Donor and acceptor impurities are found in all semi­
conductor materials. The carrier type which is in excess 
is known as the majority carrier. The material can also 
be characterized as intrinsic, extrinsic, or compensated.
A material is said to be compensated when the numbers of 
donors and acceptors is equal. Intrinsic material is 
material in which all of the carriers are created by 
thermal excitation. In this case the number of excited 
electrons in the conduction band is equal to the number 
of holes in the valence band. An extrinsic material has 
an impurity with electronic levels close to the conduction 
or valence band. Excitation of an electron (hole) into 
the conduction (valence) band require less energy than
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the excitation of an electron from the valence to the 
conduction band. The ionization of a donor (acceptor) 
state results in only one free charge carrier with the 
hole (electron) being left fixed at the donor (acceptor) 
site.
The Ge(Li) detector is a reversed biased p-i-n 
diode within which a gamma ray loses its energy by one 
or more of the three processes discussed above. Con­
struction of these detectors begins by taking a p- 
type starting material and doping it with a donor impurity 
such as lithium. The lithium is first diffused onto the 
surface of the material and then under the influence of 
a reverse biased voltage lithium ions drift through the 
material in a manner that compensates for the excess 
donor impurities in the p-type starting material. This 
compensated region, also known as the intrinsic region, 
may have a depth in excess of 50 mm. The device then 
consists of a heavily doped (n+) region, an intrinsic 
region of nearly perfect compensation and an undrifted 
region of p-type material and hence the name p-i-n 
device. The application of a reverse biased voltage 
sweeps all of the free charge carriers out of the three 
regions. The electric field strength remains high in 
the intrinsic region. A gamma ray deposited in the 
detector loses its energy to an electron which then loses 
its energy by interacting with the other electrons in the
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material lattice. This leaves a trail of electron-hole 
pairs in the intrinsic region. The electrons are then 
accelerated to the positive terminal and the holes to the 
negative terminal.
A Ge(Li) detector exhibits a high energy resolution 
over the standard sodium iodide (Na(I)) scintillation 
detector. A typical Ge(Li) detector will exhibit a 40 to 
1 improvement for gamma-ray energies near 600 keV. The 
improvement in energy resolution comes at the expense of 
gamma-ray detection efficiency. This efficiency can be 
improved by going to larger volume detectors. Experience 
has shown, however, that the improvement in energy resolu­
tion (defined as AE(FWHM)/E) more than compensates for 
the lower efficiency. The lower efficiency can be 
compensated for, in part, by using higher activity sources.
The two Ge(Li) detectors utilized in this work con-
3 3 . .sisted of a 10 cm and a 30 cm detectors which exhibited
a photopeak FWHM of 2.4 and 2.2 keV at 662 keV
respectively. The electron spectra were obtained with an
2
80 mm by 2 mm Si(Li) detector which exhibited a FWHM 
of 0.74 keV at 59.5 keV.
The electrical charge Q, collected between the 
detector electrodes, induces into the external circuit 
a voltage signal V = Q/C where C is the total capacitance 
at the input of the external circuit. The preamplifier 
senses this charge, converts it to a voltage pulse,
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amplifies it and prepares it for transmission to the 
amplifier. The charge sensitive preamplifier is preferred 
over a voltage sensitive preamplifier because the 
amplitude of the output signal is almost independent of 
the input capacitance of the detector. The desirable 
characteristics of a preamplifier are low noise, linearity 
and temperature stability. Low noise and temperature 
stability can be achieved by using field-effect transistors 
in the input stage of the preamplifier.
The main amplifier provides additional gain to the 
pulse from the preamplifier and provides for shaping of 
the signal in order to obtain the optimum signal-to-noise 
ratio. The shaping amplifier also shortens the time 
duration of the pulses to reduce the probability of pulse 
buildup which occurs when two or more pulses are so closely 
spaced in time that some pulses rise from the non-zero 
voltage level provided by the tail of the preceeding 
pulse. In the shaping amplifier, the pulses are 
differentiated and integrated with time constants very 
much shorter than the preamplifier time constant. The 
main amplifiers employed in this work were a Tennelec 
model TC 200 and an ORTEC model 440.
The signal from the amplifier then goes to the multi­
channel analyzer. The multichannel analyzer used in this 
experiment was a Nuclear Data 50/50 system, which con­
sisted of a two ADC's, a memory storage unit and a
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display/output unit. The ADC converts the voltage signal 
to a digital signal. The digital signal can be pictured 
as a train of saw tooth pulses which are suited for 
counting purposes. The incoming pulse triggers a circuit 
called the voltage ramp generator which begins to increase 
in voltage and simultaneously a clock pulse generator 
produces digital pulses at the rate of 50 megahertz.
When the voltage level of the ramp matches the voltage of 
the incoming pulse, the pulse has been converted to the 
time needed for the pulse and the ramp to become equal. 
This time is represented by the number of signals from 
the pulse generator. The digital pulses cause a register 
to advance by an amount equal to the number of pulses in 
the digital pulse train. This amount then represents 
the channel in which the event will be counted. The con­
version gain of the ADC was 4096. This means that a 
full voltage pulse causes the ramp to charge for a time 
sufficient to produce 4096 pulses and the event is stored 
in an add one mode in channel 4096 of the system memory.
An important feature of this experiment was the 
coincidence measurements. It is through this method that 
the basic relationships between gamma rays can be veri­
fied. A typical arrangement for these measurements is 
shown in Figure 9. Both gamma-gamma coincidence and 
electron-gamma coincidence measurements were performed.
Variable Delay
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Det. 2
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Preamp
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Det. 1
Amp
Fixed Delay
Pulse ____
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Sampler
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S«o
P D P -8 /L
Two
Param.
ADC
Control
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Fig.9. Block diagram of fast time spectrometer-dual parameter analyzer system.
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The coincidence measurements served to determine the 
time relationship between two events. This required each 
event to be analyzed by a separate detector. The pulse 
from each amplifier was split and routed to two different 
circuits. One portion of the pulse went to either the x 
or y input side of the dual parameter analyzer. The other 
portion was fed into a timing single channel analyzer 
(TSCA). The TSCA's used in these experiments were ORTEC 
420 5s. They provided a logic pulse to the inputs of a 
multifold fast coincidence circuit (ORTEC 414A). In this 
device the logic pulses were reshaped and timing informa­
tion extracted from the leading edge of the pulse. If 
the pulses from each of the TSCA's arrived relative to 
one another within a prescribed period of time then a 
5 volt 500 nanosecond pulse was generated, and the 
original pulses then considered to be in coincidence.
This prescribed period of time is normally called the 
resolving time (2x). For these experiments the resolving 
time was set to be about 90 nanoseconds. The accidental 
coincidence rate can be determined by considering the 
counting rate in detector 1 and the counting rate N 2 
in detector 2. The event in detector 2 will appear to 
be in coincidence with the event in detector 1 if the 
event reaches the coincidence circuit during a time 2r 
per second that the circuit is open. This is the 
fraction of the counting rate N 2 that passes through the
43
gate every second if the events are completely accidental. 
The accidental coincidence rate is therefore:
N = 2t N . N 0 a 1 2
The logic pulse (coincidence circuit output) controls a 
gate in the dual parameter system which when opened 
allows the linear signal to pass and be analyzed. A 
singles sampler was also placed between the coincidence 
circuit and the dual parameter analyzer in order to 
allow the linear signals to be analyzed in an ungated 
mode. The data obtained in this manner was stored on 
magnetic tape and analyzed later. The tape thus con­
tained two sets of singles data and one set of coincidence 
data.
3.3 Energy Measurements
The measurement of the energy of a gamma ray is 
easily determined by relating the channel location of 
the full energy photopeak to that of one or more of the 
gamma rays whose energy is well known. This is normally 
done by simultaneously analyzing several gamma rays 
whose energies are well known with the source under study. 
The centroids of the resulting photopeaks were then 
determined using a computer routine developed by Helmer
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17et aJL. The calibration energies and their centroids 
were then used to establish a linear least-squares fit 
of the gamma-ray energy to channel number. The co­
efficients of this fit were then used to calculate the 
energies of the gamma rays from the isotope under study. 
Usually only the energies of most intense gamma rays from 
the source are determined in this manner. Secondary 
standards are then used to determine the energies of the 
less intense gamma rays in the spectra that do not contain 
the calibration gamma rays. The accuracy of the energy 
measurement is dependent on three factors: the accuracy
of the peak centroid location, the accuracy of the cali­
bration energy, and the goodness of the energy versus 
channel fit. In addition, the non-linearity of the 
amplifier-ADC system is not negligible and must be care­
fully measured. This was accomplished using a precision 
mercury relay pulse generator. The output of the pulser 
was connected directly to the input of the preamplifier, 
and pulse shaped so that it approximated as closely as 
possible the shape of the pre-amplifier pulse produced 
by a gamma ray. A relationship between the pulse ampli­
tude, P, and the channel location, C, in the form
C = aP (52)
was established for two arbitrarily chosen pulse
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amplitudes. These two points are called "Ti" points and 
were checked each time a measurement was taken to insure 
that the relationship was still valid. This relationship 
predicts the channel, Cx, which corresponds to a pulse 
amplitude, P , if the system were perfectly linear. For 
a non-linear system, P . corresponds to a channel C ' and
X X
C ,-C' is by definition the non linearity at channel C '.
X X  X
A series of measurements were taken between channel 128
and 3968 at channel locations corresponding to multiples
of 128. The linearity correction factor was determined
at least four times at each point and the average of these
measurements was taken to be the non-linearity of that
point. A polynomial was fit to these non-linearity values
17and used in the computer code to correct the data for 
the non-lineary of the ADC's.
A Ge(Li) spectrometer with well-known linearity 
characteristics enables one to make precise energy 
measurements. The uncertainty to which gamma ray energies 
can be measured depends then almost entirely on the 
accuracy to which the peak centroid can be determined and 
the accuracy of the energy calibration standards. The 
calibration energies used in this work were taken from 
Reference 18 . The uncertainty quoted for the gamma-ray 
energies reported in Chapter 4 is taken as the largest 
of one of the following three uncertainties: (1 ) the
uncertainty obtained in the weighted average of the
individual measurement for each line which is given by
i = ( Z ,
o i=l a .i
where is the uncertainty in the i'th measurement 
and N is the number of individual measurements, (2) the 
RMS deviation of the individual measurements from the 
average or (3) the precision of the calibration energies.
3.4 Gamma-Ray Intensity Measurements
The intensity of a gamma-ray is determined from the 
photopeak area and the photopeak efficiency for a gamma- 
ray of that energy. Each photopeak is fit to a Gaussian 
and the area under the Gaussian is taken as the photopeak 
area. The area can be determined to a very high precision 
by allowing the more prominent peaks to accumulate a 
million or more counts, thus reducing the statistical 
error to less than 0.1%. The precision of the gamma-ray 
intensity is then almost solely dependent on the values 
determination for the photopeak efficiency.
The photopeak efficiency e (E) , of a given detector
r
can be written as
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where N is the counting rate for a gamma ray of energy 
P
E which is emitted from a source with an isotropic 
emission rate Nq . A is the attenuation factor resulting 
from gamma-ray absorption in the detector housing and any 
beta absorber used in the experiment. The attenuation 
will be constant for a given energy if a standard beta 
absorber is used throughout the experiment. The photo­
peak efficiency, Aep , then includes all of the energy 
dependence and is given by
A*p - £  <55)
c o
To measure, Ae , one needs gamma-ray sources of accurately
P
known isotropic gamma emission rates and preferably 
sources which emit only one gamma ray. The isotropic 
emission rate was determined using a 3"x3" Nal detector 
so that the absolute efficiencies, T(E), and the peak- 
to-total ratios (P) accurately determined by Heath19 
could be used. The efficiency is expressed as
e = T (E) P (56)
and the isotropic emission rate is written as
No “ T(E? PA *57)
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where N is the photopeak area. The photopeak area, N ,
P P
is determined after the background contribution is sub­
tracted and the area corrected for radioactive decay.
The isotropic emission rate is then calculated using 
Eq. (57).
After the determination of the isotropic emission
rate, the source was counted on the Ge(Li) detector. The
photopeak data points above the half-height were fit to
17a Gaussian function and the photopeak area taken as the 
area of that Gaussian. The absolute photopeak efficiency 
was then computed using Eq. (55). Multiple determina­
tions of Ap were made and the results averaged. The 
averaged results were plotted as a function of energy.
3
Such a plot for the 30 cm detector is shown in Figure 10.
3.5 Data Analysis
Each gamma-ray spectrum was analyzed using the GAUSS
17routine developed by Helmer et al. The program 
determines each peak centroid and area. Incorporated in 
the program are the system non-linearities and photopeak 
efficiencies.
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CHAPTER IV 
THE ODD-ODD NUCLEUS 166Ho
4.1 Introduction
An odd-odd nucleus is one of the most difficult to 
study by means of radioactive decay. The pairing energy 
causes the even-even isobar near the bottom of the mass 
valley to have a lower total energy. The even-even parent 
will have a low Q value and in many cases will not popu­
late the odd-odd isobar at all. The low Q value means 
that only the low-lying states can be populated and since 
the ground state of the parent is 0+ , only the low spin 
states of the odd-odd daughter can be populated. The low 
lying states exhibit a rotational band structure and for
K=0 bands, the odd members of the band are displaced
relative to the even members of the band. This relative
displacement is due to the residual neutron-proton inter-
166action and thus the study of the decay of Dy to the
166odd-odd nucleus Ho provides a means of investigating
the nature of this interaction.
166 20 The Dy activity was first reported by Ketelle
21in 1949 and independently by Butement in 1950. The un­
usually high cross sections for double neutron capture in
164 22 27Dy allowed several investigations ” of the radio-
166active decay of Dy in the early 1960's. Since that
50
51
time very little has been done and an investigation using
high resolution Ge(Li) detectors has not been reported.
The '*‘^ D y  decays with a half-life of 81.6 h to the 26.8 h
^ ^ H o  which decays further to stable ^ ^ E r . ^  The Q value
28for the decay is 481 + 5 keV and since the only low 
lying level in ^ ^ E r  populated by the ^ ^ H o  decay is the
80.6 keV level the two can be studied in equilibrium with­
out any difficulty.
4.2 Source Preparation
The source was prepared by irradiating a target mater-
164
ial consisting of Dy2°3 enriched to 83.2 percent in Dy
in the ORNL HFRR reactor. The reaction proceeds by double
• 164^ • 164_. , , 165^ , 166-neutron capture m  Dy>le. Dy (n,y) Dy (n,y) Dy.
The cross sections are 780 and 5000 barns respectively.
The target material was irradiated in a neutron flux of 
15 22.45 x 10 n/cm *sec for eighty hours. A 20 MC source 
in a 0.3 molar solution of HC1 was prepared. The gamma-ray 
sources were prepared by depositing a small amount of 
liquid on a cellophane backing and allowing it to dry over­
night. The initial high activity of the source liquid 
made it difficult to prepare the gamma ray sources. The 
electron sources were prepared in a similar fashion with 
the exception of depositing the activity on an aluminum 
backing. The amount of material deposited was more carefully controlled 
in this case in order to assure the preparation of a thin source.
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At the low electron energies present in the 166Dy decay 
only a small amount of electron scattering in the source 
material could be tolerated.
4.3 Experimental Results
A typical Ge(Li) gamma ray spectrum is shown in 
Figure 11. The 82, 290, 343, 371, and 425 keV transitions 
are easily identified even though their relative intensities 
span a 400:1 range. The conversion electron spectrum 
taken with the Si(Li) detector is shown in Figure 12. In 
addition to the K and L conversion lines of the 82 keV 
transition, the L conversion line of the 28 keV transition 
and the L and M conversion lines of the 54 keV transition 
are also seen. The electron spectra also revealed the 
presence of three new transitions which were identified as 
the L conversion line of a 38 keV transition, the K con­
version line of an 85 keV transition, and the K conversion 
line of a 139 keV transition. The energies and intensities 
of the gamma rays which were observed are listed in Table 
1. The intensities were determined relative to the in­
tensity of the 82 keV gamma ray. The statistical un­
certainty in the intensity of the 82 keV gamma ray was less 
than three percent. The internal conversion data and the 
multipolarity assignments are listed in Table 2. The 
electron intensities were computed by simple channel inte­
gration. The K and L lines of the 80.6 keV transition in
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Fig.12. A typical election spectrum of the decay of 166Dy.
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TABLE 1
GAMMA-RAY ENERGIES AND RELATIVE INTENSITIES 
FOR TRANSITIONS IN 166Ho
ENERGY (keV)
82.42 + 0.12
290.41 + 0.36
343.42 + 0.30 
371.65 + 0.26 
425.93 + 0.35
INTENSITY
100
0.23 + 0.05 
1.35 + 0.12 
8.08 + 0.64 
10.00 + 0.73
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TABLE 2
INTERNAL CONVERSION COEFFICIENTS
Ififi
FOR TRANSITIONS IN Ho
TRANSITION
ENERGY
(keV)
K CONVERSION COEFFICIENT X 104
EXPERIMENTAL THEORY
MULTIPOLE
ASSIGNMENT
80.6 (166Er) 
82.4
138.9
290.4
343.4 
371.7
426.9
= 171 
414+47 
>3000a 
<7. 5b 
<0. 07*
0.38+0.08* 
0.25+0.02*
171 
392 
94 (Ml) 
11.5 
1.08 
.897 
.654
=E2
Ml
E0
(Ml)
El
El
El
a. Ik (82)/Ir (139) = 137.
b. Using the conversion electron data of Ref. 26.
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16 6Er was used to normalize the electron data to the gamma
+ +data since it is a pure E2 transition (2 -+0 ). Theoretical
internal conversion coefficients were taken from the tables
29of Hager and Seltzer. The coincidence results are 
presented in Figures 13 to 18. The gamma ray intensities 
in Table 1 do not agree with those determined by Brabec
p g
et al. This is not surprising, however, since Brabec 
used an electron spectrometer following photoelectric con­
version to measure the gamma-ray intensities. The gamma-
ray intensities in Table 1 are in good agreement with those
22of Helmer and Burson however. The electron intensities
2 6of Brabec et al. were used in conjunction with our gamma- 
ray data to determine the multipolarities of the 290, 343, 
371, and 425 keV transitions.
4.4 Decay Scheme
A decay scheme consistent with the experimentally 
determined transition energies, intensities, multipolari­
ties and coincidence results is presented in Figure 19.
It was possible to place all the gamma-rays in a level 
scheme consisting of 7 levels. The levels at 139 and 464 
keV have been identified only in this work.
The percentage of $ feeding to the proposed levels 
was computed by taking the difference between the total 
depopulating intensity and the populating intensity. The 
log ft values obtained from the branching ratios using
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Fig. 13. The electron-gamma coincidence spectrum of the 54 
keV gate. The Ho energies are 53.8 and 55.3 keV.
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Fig. 14. The electron-gamma coincidence spectrum of the 56 keV 
gate. The gate was taken on the 56 keV gamma-ray between 56.3
and 56.7 keV, above the Ho KD X-ray at 55.3 keV.
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Fig. 15. The gamma-gamma coincidence spectrum of the 82 keV gate.
The gate was set on the 82 keV gamma-ray.
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Fig. 16. The electron-gamma coincidence spectrum of the 343 keV
gate. The gate was set on the 343 keV gamma ray.
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Fig. 17. The electron-gamma coincidence spectrum of the 371 keV
gate. The gate was set on the 371 keV gamma ray.
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Fig. 18. The electron-gamma coincidence spectrum of the 425 keV
gate. The gate was set on the 425 keV gamma ray.
64
the tables of Gove and Martin30 are also indicated in 
Figure 19.
4.5 Rotational Bands and Levels
4.5.1 The K = 0 Ground State Band
The ground state rotational band consists of the 54
(2 ) and 82 keV (1 ) levels as indicated in Figure 19.
The 28 and 54 keV gamma rays were not observed in the gamma-
ray spectra because of the interference of the Ho and 
166Er X-rays, but the L-conversion lines were observed 
in the electron data. The relationship among the 28, 54, 
and 82 keV transitions was established by the coincidence 
data shown in Figures 13, 16, and 17.
4.5.2 The Level at 138 keV
The level is established by the electron singles 
spectra and the electron-gamma coincidence spectra. The 
electron line seen in Figure 12 was identified as the K 
conversion line of a transition with energy of 139 keV.
It was determined that this transition populated the 
ground state directly and since a gamma-ray with that 
energy was not observed, an EO character further 
established that the 139 keV level had a spin parity of 0 . 
This raised the possibility that transitions to the first 
two excited states might also exist and if they did, they 
would have energies of 56 and 85 keV. Neither of these was 
observed in the gamma-ray ungated spectra, but an 85 keV K
,66Dy66 7I00 > 18
56
>0.1
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<5.0
4.9
109 0.03 7.6
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conversion line would fall exactly at the position of the 
38 keV L conversion line (see Figure 12). The intensity of 
this conversion line relative to the 82 keV K conversion 
line is I_-(82)/I„(38L) = 111. The coincidence data (Figure
J\ J\
18) indicates that at most only 10% of the intensity at 38 L 
can arise from an 85 keV K-conversion line. In order to 
support the placement of the 139 E0 transition and the 139 
keV level a gate was taken on the assumed 56 keV transition 
line and this gate was indeed found to be in coincidence 
with the 82 keV gamma-ray (Figure 14). A great deal of 
care was taken in setting this gate since X-rays and 
other transitions are quite near. The gate used was only 
0.4 keV wide, centered at 56.5 keV.
4.5.3 The Level at 373 keV
This level has been found to decay to the 1 82 keV
level of the ground rotational state band by a transition 
of 290 keV (Figure 15). The log ft for this 8 branch was 
determined to be 7.6 which suggests a hindered first for­
bidden transition. An Ml multipolarity was determined for 
the 290 keV transition which demands a spin-parity assign­
ment of 0” or l” . Since either Q~ or 1~ is compatible with 
the beta decay, the 0~, 1~ ambiguity cannot be resolved.
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4.5.4 The Levels at 425 and 464 keV
The 425 keV level, depopulates to the ground state 
band through the 343, 371, and 425 keV transitions. The 
log ft of 4.9 to this level clearly establishes it as an 
allowed unhindered beta-decay and demands a 1+ spin parity 
assignment. Such an assignment is consistent with the El 
character of the 343, 372, and 425 keV transitions.
The level at 464 is a tentative assignment. Its 
existence is based on the 425 keV gamma-38 keV L electron 
coincidence relationship (Figure 18). Recall that 90% of 
the line at 38 L (Figure 12) is in coincidence with the 425 
keV gamma ray. This presents a real dilemma, discussed in 
Section 4.7, since it implies that the log ft to the 464 
keV level is also less than 5, yet it is not possible to 
have another allowed unhindered transition in the assumed 
configuration space.
4.6 Coupling Rules
13The coupling rules proposed by Nordheim and discussed 
in Chapter II do not hold for those odd-odd nuclei in which 
a sizeable fraction of the nucleons are outside (or missing 
from) closed shells. For these spheroidal nuclei j is no 
longer a good quantum number but the component of the 
angular momentum along the symmetry axis is. The magnitude 
of ft is the sum of the components of angular momenta of the 
two particles along the symmetry axis given by ft + ft orr 11
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I ft -ft I. The ft and ft can be determined using the Nilsson p n p n
classification of the single particle states in deformed 
nuclei. This approach does result in predicting the ground 
state spins of odd-odd nuclei but does not show if the 
coupling is parallel or antiparallel. This can be re­
solved if the assumption is made that the deformation is 
sufficiently large such that the orbital angular momentum 
A and the spin angular momentum E of each nucleon are good 
quantum numbers. The coupling rules which follow are
g
attributed to Gallagher and Moszkowski and can be stated:
I = ft + ft if p n
I = | ft - ft | if ft = A + and ft p n p p z
The spin projections couple to give E = 0 or E = 1 and 
because of the spin dependence of the proton- neutron inter­
action the Z = 1 state is expected to lie lower in energy.
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4.7 Discussion
The Nilsson orbitals for nuclei in the region of
<5 = .29 are shown in Table 4. The possible Nilsson states
arising from these orbitals are shown in Table 5. The
166ground state of Ho with 67 protons and 99 neutrons
should couple the 7/2+ [523]t proton and the 7/2 [633]t 
neutron. In the notation t and 4-, the t corresponds to 
A + 1/2 and the + to A - 1/2. The Gallagher and
7
Moszkowski coupling rules predict that the E = 1 triplet 
state (7~) lies lower in energy than the Z = 0 state (0 ) 
but in this case the reverse is true. This is due to the 
larger configuration mixing in the 0 state than the 7 
state. The energy difference between the 0 and 7 state 
is only 5 keV.^^
The 54 keV (2 ) and 82 keV (1 ) levels are the inverted members of 
the ground state rotational band (the normal sequence is 0”, I-, 2~). 
This is commonly known as an odd-even shift. This odd-even
shift is found in K = 0 bands and has been explained by
31Newby as arising from the backward scattering of the two
31 33orbitals. Newby and Jones et al. have calculated the
odd-even shift for various odd-odd nuclei and have concluded
that an odd-even shift of the type presented here can be
explained by the damping of the central force and the
dominance of a tensor force.
TABLE 3
THE REDUCED TRANSITION PROBABILITY RATIOS FOR DEPOPULATING TRANSITIONS IN 166Ho
REDUCED
INITIAL LEVEL TRANSITION FINAL LEVEL TRANSITION PROBABILITY
INERGY ITT ENERGY CTL ITT K EXPERIMENTAL THEORY 
K=0 K=1
425 1+ 425 El 0~ 0 0.82 + 0.09 .5 2.0
371 El 2" 0 =1 =1 =1
343 El 1“ 0 0.21 + 0.03 0.0 2.9
o
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TABLE 4
NILSSON ORBITALS IN THE REGION OF 166Ho
N
5/2“ [512]+ 7/24
1/2“ [521]+ 1/24
Fermi Level 168Er 
7/2+ [633] + 7/2'
Fermi Level 164Dy
P
[404]+
[411]+
[523]+
5/2“ [523]+ 
5/2+ [642]+
3/2+ [411]+ 
5/2+ [413]+
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TABLE 5
EXPECTED NILSSON STATES IN 166Ho
Proton Orbital Neutron Orbital I (P+n)
E=1 E=0
[633]+ 7" 0"
[523] +
[411] +
[404] +
[521]+ 3+ 4+
[523]+ 1+ 6+
[642]+ 6" 1“
[633]+ 3+ 4+
[521]+ 1" 0"
[523]+ 3” 2"
[642]+ 2+ 3+
[633]+ 0+ 7+
[521]+ 4" 3"
[523]+ 6" 1“
[642]+ 1+ 6+
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The 0 level at 139 keV most probably arises out of
the l/2+ [411] - 1/2 [5211n configuration which is also
observed in ^88Tm at 164 keV.33 In that case the 2 = 0, ITr=
l"* level appears at 3 keV. We do not observe this
166particular state in Ho.
It is not possible to characterize the level at 373 
keV since the spin could not be uniquely determined and 
because the available l” and 0” configurations (Table 5) 
are not compatible with the energy. A 290-82 keV Y-y 
angular correlation experiment is required to pin down 
the spin.
The 1+ level at 425 keV obviously arises from the 
7/2” [523] - 5/2” [523]n configuration since a log ft of
4.9 is only consistent with an allowed unhindered transi­
tion (spin flip). The reduced transition probability 
ratios for the depopulating states, displayed in Table 3, 
are consistent with K = 0 rather than K = 1 as one would 
have with the 7/2” [523]p - 5/2 [523]n configuration.
The disagreement is quite serious and could only be 
accounted for by mixing in additional neutron and proton 
configurations. This type of theory is not presently 
available, however.
The level at 464 keV poses an even more serious 
problem. A level at 464 keV depopulated by a 38 keV Ml
transition was observed in a neutron capture gamma-spectro-
27 •scopy experiment. In that workf however, they assigned
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4-it as the 2 member of the K = 1 rotational band at 425 keV. 
The 464 keV level observed here cannot have spin 2 be­
cause of the very low log ft. In fact, with that log ft and 
a 38 keV Ml transition, the only possibility is 1+ . No spin 
assignment was made in Figure 19 however, since there 
are no additional neutron-proton configurations available
TT 4*which will give a I = 1  and a log ft less than 5.
Thus, our inability to deduce the character of the 
372 and 464 keV levels and to explain the anomalous 
branching ratios out of the 425 keV level, presented in 
Table 3, leads one to the conclusion that the separate 
anomalies in the states between 372-»-464 are actually related 
and that a more detailed theoretical investigation of odd- 
odd nuclei is in order.
CHAPTER V 
GAMMA-GAMMA COINCIDENCE MEASUREMENTS 
IN THE DECAY OP 172Lu
5.1 Introduction 
172The energy levels of Yb have been investigated by
172a large number of people in the last ten years. The Lu
7
decay scheme has been studied by Sen and Zganjar,
34 35Balalaev et al. and by Dzhelepov and Shestopalova.
7
Sen and Zganjar deduced internal conversion coefficients
36 39from their gamma-ray data and previous conversion
electron measurements. Additional multipolarities for a
mimber of transitions have been derived from numerous
angular correlation studies.® ^ ^  The intrinsic
172character of the Yb levels have been studied in single
42particle transfer reactions by Burke and Elbeck and by
43O'Neil and Burke. Level and multipolarity assignments
have been summarized in the recent compilation of the
44Nuclear Data Sheets.
The continued interest in this nucleus stems from the 
fact that of the 123 gamma-rays observed by Sen and
7
Zganjar, only 97 were placed m  the decay scheme. In 
addition, multipolarity possibilities were determined for 
only 86 transitions. The present effort was directed at 
verifying the placement of the 97 transitions, assigning
75
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the remaining 31 transitions to the scheme, and to experi-
8mentally verify or refute the suggestion of Krane el: al.
that the 229 keV transition is isomeric. The energies,
7
intensities and level scheme of Sen and Zganjar is the 
basis for the discussion which follows.
5.2 Experimental Procedure
5.2.1 Source
The source used in this experiment was the same as
7 172that used by Sen and Zganjar. It was a Hf ( 5 y),
172Lu (6.7d) equilibrium source whose only discernible
172TT _ 175tt4: , 172 _ . . . 172„_activities were Hf, Hf, and Lu. Neither Hf
175nor Hf contribute to the gamma-ray spectrum above 400
keV. The presence of these activities did not interfere 
with the coincidence measurements.
5.2.2 Data
Two different sets of coincidence data were analyzed. 
The first covered the 0 2.2 meV energy range and the
second the 0 •> 0.4 meV energy range. The experimental set-up 
is described in Chapter III. The data were recorded with 
the two Ge(Li) detectors located 5 cm from the source 
at a relative angle of 90°. A Pb-Ta-Cd-Cu absorber 
sandwich was used to prevent crystal-to-crystal scattering
g
of the gamma-rays. Approximately 20x10 events were 
recorded.
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5.3 Experimental Results
A IK portion of the 2K x-singles spectrum is shown 
in Figure 20. A total of 48 gates were stripped and 
analyzed. The technique employed in this analysis is 
illustrated by discussing the gate on the 78 KeV transi­
tion. This transition feeds the ground state, and from 
the previously established decay scheme one would expect 
to see the 181, 1093, 1184, 1387, 1470, 1529, 1579, 1584, 
1622, 1670, 1724, 1994, and 2095 keV transitions directly 
populating the 7 8 k e V  level. The relative intensities 
for these gated transitions are compared in Table 6 to 
the ungated intensities. Note that the intensity of the 
181 keV transition is reduced by a factor of four over that 
expected. All of the low energy coincidences exhibit such 
a reduction due to the limited dynamic range of the 
coincidence circuitry. This is evident when one compares 
the x-singles spectrum in Figure 20 with the 78 keV 
coincidence spectra in Figure 21. Only qualitative 
information rather than quantitative information is 
available from the low-energy end of the spectrum. On the 
high-energy end of the spectrum the statistical variation 
of the background obscures the less intense coincidences 
and as a result the 1579, 1994 and 2095 could not be 
clearly identified and analyzed. The remaining gamma-rays 
in Table 6 all compare favorably in intensity with the
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TABLE 6
172THE 78 keV COINCIDENCE GATE FOR Yb 
ENERGY INTENSITY (ungated) INTENSITY (gated)
181.47 100.0 25.31
1093.64 319.75 319.75
1184.29 2.44 3.33
1387.22 4.05 3.54
1470.48 3.03 2.37
1529.72 .69 .73
1579.70 1.01 ---
1584.18 12.78 13.39
1622.01 10.74 7.70
1670.19 2.80 4.40
1724.41 2.18 1.79
1994.30 .81 ---
2095.71 .54 ---
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Fig. 20. The x-singles gamma-ray spectrum from the decay of 
172lu (IK of the 2K spectrum).
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singles intensities which support their placement as 
feeding the 78 keV level. The other gamma-rays observed 
in the coincidence gate were analyzed following a similar 
procedure. Gamma-rays previously unplaced were also ob­
served in most gates. For this gate, the 174, 229, 838, 
855, 862, 949, 1054, 1124, 1133, 1141, 1145, 1200, 1208, 
and 1400 keV transitions were also observed. These 
transitions could not be placed in the decay scheme based 
on this one coincidence gate but required verification 
from the other coincidence gates. The ones which survived 
this procedure are discussed below. The coincidence gates 
taken on the 90, 181, 372, 912, and 1093 keV gamma-rays 
transitions are shown in Figures 22-26.
5.4 Coincidence Relationships
5.4.1 Introduction
The analysis of the 48 gates provided data which 
verified the decay scheme for the most part. The data 
also provided new information on gamma-ray transitions 
which had been incorporated in the decay scheme but which 
were found to have an alternate placement. The most 
important feature, however, was the addition of six transi­
tions to the decay scheme. The suggestion by Krane 
8et al. that the 229 keV transition was isomeric lead to 
an extensive effort to verify that suggestion. In the 
process of examining that possibility, the existence of a
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new negative parity level was discovered. The following 
discussion addresses the new information which has 
resulted from the experiment rather than a discussion 
of each gate. The new transitions placed in the decay 
scheme are the 6 6 , 118, 163, 229 and the 373 keV transi­
tions. An alternate placement was indicated for the 203 
keV transition. Information on the placement of the 134 
and 551 keV transitions was not conclusive.
5.4.2 The 163 and 229 keV Transitions
These two transitions were observed by Sen and
7 39Zganjar but could not be placed. Prather had also
established that the 229 keV transition was in coincidence
with the 181, 264, and 377 keV transitions. This would
suggest that the 229 keV transition belonged somewhere
above the 1640 keV level. The spin and parity of this
8 —level was determined by Krane et al. to be 4 . A gate
taken on the 264 and 377 keV transition verified Prather's 
39data. Further, a gate taken on the 330 keV transition 
revealed a coincidence with the 163 keV transition. The
330 keV transition depopulates the 1706 keV level which
8 —
Krane et al., determined to have a spin parity of 5 .
Energy wise,the sum of the 1640 keV level and 229 keV
transition is 1869.35 keV which strongly suggests that a
level exists with an energy of 1869.4 keV. The 163 and
the 229 keV transitions are determined to be Ml which
88
would require a state with negative parity since they each 
feed negative parity levels. The spin of the new state
g
could be 3, 4, 5. Krane et al. have suggested on the 
basis of an angular correlation measurement that for the 
229 keV transition, Al = + 1. This would tend to rule out 
the spin of 4 for the 1869 keV level. The assignment of 
3 to this level also appears unlikely since a transition 
is not observed to the 78 keV 2+ level. Therefore this 
level should be assigned a spin parity of 5 . A gate on 
the 377 keV transition also shows a coincidence with a 
gamma-ray of 66 keV. These results are shown in Figure 27,
5.4.3 The 373.5 keV Transition
7
This transition was not observed by Sen and Zgan^ar
39but had been reported but not placed by Prather. The
coincidence gate taken on the 372 keV transition revealed
the presence of the 203 and the 323 keV gamma-rays which
were not consistent with the decay scheme. The 323 keV
+transition populates the 4 level at 1749 keV, while the
203 keV transition depopulates the 5+ level at 1375 keV.
The energy difference between these levels is 373.44 keV
which is consistent with the transition energy reported 
39by Prather. These two considerations lead us to propose 
that this transition be placed between the 1749 keV 4+ 
level and the 1375 keV 5+ level.
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5.4.4 The 118 keV Transition
This transition fits between the 2191 keV 5+ and the 
2073 keV 4+ level on the basis of energy differences.
This transition was found to be in coincidence with 372, 
410, 607, 697, 810, and 900 keV transition which confirms 
its placement.
5.4.5 The 203 keV Transition
The transition has been placed between the 1375 keV
5+ level and the 1172 keV 3+ level, and its multipolarity
determined to be E2. The gate taken on this transition
confirms its placement by its relationship with the 134,
264, 330, 416, 427, 697, 816, and 967 keV gamma-rays
which feed the 1375 keV level and the 912 and 1093 keV
transitions which depopulate the 1172 keV level. However,
the 203 keV transition was also found to be in coincidence
with the 233, 372, 607, and 709 keV transitions. These
+
transitions feed the 1466 keV 2 level. It is only 
partially seen in the 90 keV gate which depopulates the 
1262 keV 4+ level. Energy wise, the difference in the 
levels is 203.15 keV and the measured energy of this 
gamma-ray is 203.37 keV. It is most probably obscured by 
the more intense 203 keV gamma-ray which depopulates the 
1375 keV level.
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5.4.6 The 551 keV Transition
The relative intensity of this gamma-ray as reported 
7
by Sen and Zganjar appears to be high. A gate taken on 
the 551 keV gamma-ray shows it to be coincident with the 
203 and the 254 keV transitions as it should be, but 
gates taken on the 112 and 203 keV transitions which de­
populate the 5+ 1375 keV level do not show a coincidence. 
Nearby transitions of lesser intensity are identified 
which leads one to conclude that the intensity has been 
over estimated. The possibility exists that more than 
one gamma-ray of nearly equal energy and intensity exists. 
If this is the case, then it might not show up in the 
coincidence spectrum.
5.4.7 The 134 keV Transition
This transition has been incorporated in three 
different places in the decay scheme. Gates taken on the 
90, 112, 196, and 203 keV transitions do not show this 
gamma-ray. It is not surprising that it is not seen in 
the 90, 112, 196, and 203 keV gates since its relative 
intensity is small and if it truly exists in three 
different places it would be extremely difficult to see 
in any coincidence spectra.
5.4.8 Additional Transitions
The remaining transitions are listed in Table 7.
These transitions are categorized as a) no unique
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TABLE 7
ADDITIONAL TRANSITIONS IN 172Yb 
ENERGY (keV) REMARKS
138 No Unique Placement
174 No Unique Placement
241 Sum Peak K 0 + 181 keV
p
337 No Gate Taken
347 No Unique Placement
383 No Gate Taken
562 Unplaced
566 No Gate Taken
594 No Gate Taken
836 Unplaced
862 Unplaced
953 No Unique Placement
960 No Unique Placement
963 No Unique Placement
967 No Gate Taken
979 Unplaced
990 No Unique Placement
1038 Unplaced
1054 No Unique Placement
1061 Unplaced
1124 No Unique Placement
1141 No Unique Placement
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TABLE 7 (cont'd)
ENERGY (keV) REMARKS
1145 No Unique Placement
1152 Unplaced
1172 Unplaced
1179 Unplaced
1400 No Unique Placement
1572 Unplaced
1579 No Gate Taken
1592 Unplaced
1609 No Gate Taken
1920 Unplaced
2095 No Gate Taken
2205 Unplaced
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placement, b) no gate taken, and c) unplaced. In the 
first case, the gamma-ray was found to be in coincidence 
with at least one other gamma-ray, generally the 78 or 
181 keV, but that spectrum did not reveal enough informa­
tion to recommend a placement. In the second case the 
gamma-ray is placed in the decay scheme but a gate was 
not taken which would verify its placement. Finally, 
the remaining gamma-rays were those that were listed as 
unplaced and a gate was not taken so no information is 
available on them. The 241 keV transition is believed to 
be a sum peak consisting of the Yb X-rays and the 181 
keV transition.
5.5 Decay Scheme
A proposed level scheme based on this coincidence
8experiment, the results of Krane et al. and the result of
7
Sen and Zganjar is shown m  Figure 27. A new level is
proposed along with its spin parity assignment. This
39level was tentatively identified by Prather. Four un­
placed gamma-ray transitions have been incorporated into 
the decay scheme, one is placed in an alternate location, 
one was found to have its intensity overestimated and 
one was too weak to draw any conclusions from.
I792JJ7-
2J6L80 217439
2O73J0O
i1869.4
I706l22v. mSJJT
170057 -----
BS2.
I657J9I 
184058
1172^0
ENERGY
(KeV)
172Fig. 27. The proposed Yb level scheme
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5.6 Discussion
172The important new features of the Yb level scheme
7
relative to that proposed by Sen and Zganjar is the proper
identification of the negative parity states at 1640 and
1706 keV, the identification of a new negative parity state
8at 1869 keV and the resolution of the problem associated 
with the 229 keV transition (that is, is it isomeric?).
The 229 keV transition is indeed not isomeric and in fact 
connects the new state at 1869 keV (5 ) with the 4 level 
at 1640 keV. In fact, the 1869 keV state decays only to the 
negative parity states at 1640 (4”) and 1706 (5” ) keV.
The complete band structure is presented in Figure 28. 
At first glance one might try to characterize the first
7T —two negative parity states as members of a K = 4  band.
This is not reasonable in this case, however, since it 
would imply an inertial parameter of A = 6.6 keV. In 
addition, the reduced El transition probability ratio for 
the 443/196 keV transitions out of the 5 1706 keV level
(0.028 + 0.005) is more compatible with K = 2 (0.09) than 
with K = 3 (0.71) or K = 4 (14.2); and the same ratio for 
the 377/264 keV transitions out of the 1640 keV level 
(1.7 + 0.2) is more compatible with K = 3 (1.23) than with 
K = 4 (8.3). The reduced Ml transition probability ratio 
for the 229/163 keV transitions out of the 5 1869 keV
level (1.4 + 0.5) is most compatible with K = 3 for the 1869
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keV level and K = 2 for those at 1706 and 1640 keV (1.3).
X 7 2 7TThe ground state of Lu has I = 4 ” and a Nilsson
configuration of 7/2+ [404] + 1/2” [521] . If the
P ^
proton transforms into a 7/2+ [633] then the resulting 
configuration is 7/2+ [633]n + 1/2” [521] which yields 
KI77 = 44” . The beta decay would be allowed but hindered 
since [AN, An2» AA] = [231]. This is all quite compatible
with the measured log ft of 8.6 to the 4 1640 keV state.
One of the 5 states could arise from the 9/2+ [624] +
1/2” [521] which would yield KI77 = 55” , and allowed 
hindered beta decay log ft values. This is consistent with 
the log ft values of 8.5 to the 1706 keV state and 9.2 
to the 1869 keV state.
Unfortunately none of these negative parity states
were observed in the (d,p), (d,t) and (d,d) experiments
42 3of Burke and Elbek nor m  the (d,t) ( He) experiments
4 3of O'Neil and Burke. The excitation cross sections for
the 7/2+ [633] and 9/2+ [624] orbitals are quite small n n
and it is not surprising that these states are absent.
In the foregoing discussion we have assumed that the 
quasiparticle states are pure. This is obviously not the 
case in view of the anomalous reduced transition probability 
ratios presented here. This could also account for the 
anomalous behavior8 of the 229 keV interband transition.
VI. CONCLUSIONS
Detailed conclusions regarding the specific nuclei
under study were presented in Chapters 4 and 5 and will
not be repeated here. The odd-even shift in the K = 0 band 
166of Ho can be explained by incorporating a tensor force
33m  the residual neutron-proton force. Jones et al. 
attempted to determine a consistent interaction for the 
description of many deformed odd^-odd nuclei simultaneously. 
They found that while both a zero range and a finite range 
force satisfactorily reproduce the energy splitting between 
the anti-aligned and aligned coupling states, the zero range 
force does not provide an adequate description of the 
odd-even shift. A residual tensor force is required to re­
produce that data. The complex and detailed band structure 
172in Yb has been firmly established and further developed. 
The anomalies regarding the 229 keV transition have also 
been finally resolved.
The results clearly demonstrate that important informa­
tion can be extracted from high resolution conversion
166electron-gamma coincidence spectroscopy. In the Ho
case it was the only way to obtain the information.
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